Abstract. Oxidation behavior of Ni-10Cr alloy was investigated in the presence of compressive stress at 900 ℃. Oxidation kinetics, measured by two methods, indicated a parabolic rate law. The applied compressive stress increased the growth of the oxide scale. Evolution of surface morphology of oxide scale revealed a serious of stress releasing forms during the oxidation proceeding. In spite of occasionally cracking and spalling generated, re-oxidation at the cracks and spallation appeared.
Introduction
A protective oxide scale is necessary to prevent an alloy from further being attacked at high temperature. Both integration and lower growth rate are more important features for the protective oxide scale. Unfortunately, the oxide scale is prone to crack and spall because of its brittle nature, even at relatively strains [1] . A lower growth rate of the oxide scale is supposed to be maintained, but commonly disturbed by the short-circuit diffusion when subjecting to mechanical loading. Thus, the integration and growth rate of scale have been ensured to be affected. According to previous investigations [2] [3] [4] [5] [6] [7] [8] , the external loading did affect the scale-growth kinetics and scale failure, although different effects were suggested. It is believed that the external loading increases the growth of the oxide scale except for a few observations [9, 10] . Dislocation densities and vacancy number near the surface of alloys are suggested to be modified by the applied loading, which increases the growth of new oxide nuclei. The short-circuit diffusion paths, such as cracks and grain boundaries, are reinforced by the external loading. Thereby, the protection of the oxide scale is destroyed by the applied loading.
As a base of commercial alloys at high temperature, Ni-Cr binary alloy is widely used to explore various properties. The high temperature oxidation of Ni-Cr alloys has been intensively studied, many sound laws and mechanisms were purposed [11] . Oxide behavior of a Ni-20Cr strip under the tensile loading was carried out [12, 13] , suggesting an increase of oxygen diffusion via fast-diffusion paths. That modified the formation of internal oxidation. But the oxide-layer nature and surface morphology in the range of 600-900℃ were not affected by the loading. The high temperature oxidation of Ni-20Cr-4Al alloy under tensile stress revealed that exceeding a tensile stress value severe oxidation proceeds into the matrix [14] . Limited these several studies, however, some phenomenon in other alloys, such as selective oxidation [15] [16] and crack healing [17, 18] , have been not exhibited in the Ni-Cr alloys. More investigations need to be carried to clear the effect of external loading on the oxidation behavior the Ni-Cr alloys. In the present work, a Ni-10Cr alloy with the Cr content around the critical value to form a protective oxide layer was used to study the compressive effect on its oxidation behavior including the growth and cracking of the oxide scale. Meanwhile, the effects of surface finishing of samples and methods of weighting for drawing the oxidation kinetics curves on the oxidation behavior of Ni-10Cr were conducted to eliminate interfering factors on further analyzing the compressive effect.
Materials and experimental procedures
A nominal composition of Ni-10Cr alloy was prepared by consumable electrode vacuum furnace with electromagnetic stirring. The actual composition confirmed by energy dispersive X-ray spectroscopy (EDS) was Ni-12.16Cr. Samples with dimensions of 8mm×8mm×12mm and 2mm×8mm×12mm were cut for compressive and comparative tests. Prior to oxidation, the samples were abraded and ultrasonically cleaned in ethanol and then in acetone.
Depending on previous investigations, surface finishing could affect a change of oxide product during high temperature oxidation [19, 20] . In order to distinguish the individual effect of surface finishing and applied compressive stress on the high temperature oxidation behavior, the samples were abraded to 2000 (2.5 μm) and 200 (90 μm) grit. The oxidation of these samples with different surface finishing was conducted at 900 ℃ for 20 h. Figure 1 shows surface morphologies of the samples with both surface finishing after 5 h and 20 h of oxidation. As it can be seen, the smooth surface samples displayed particle oxides and obvious polishing scratches. However, the rough surface samples showed winkle morphology at 5-hour oxidation. Up to 20 h, the facet oxide product formed. EDS examinations approve that the oxide products were Cr 2 O 3 for both surface finishing at 5-hour oxidation. Nevertheless, the oxide product changed after 20 h of oxidation, as seen from XRD patterns. NiO formed on the samples with rough surface finishing, which ensures the surface finishing can affect the oxidation behavior. The reasons have been explained by some studies [19, 20] , it was unnecessary to analyze that here. Based on the fact that the oxide product is unchanged, it can eliminate the effect of surface finishing using samples with a smooth surface finishing to study the compressive effect. Thereby, the smooth surface samples were used for the compressive tests in the present work. The compressive oxidation test was carried out by using the universal testing machines with the high temperature components, which has been introduced in a previous investigation [2] . During the compressive tests, the samples were placed in the furnace when the temperature reached the set value, then the compressive stress was applied. The oxidation temperature was 900 ℃ and the duration time was up to 72 h.
The oxidation kinetics curves were estimated to be two discontinuous methods. Both the methods were common, the detailed explanation was shown in reference [1] . The first method (Method I) was that using numerous samples to plot one fully kinetics curve. Prior to compressive tests, the samples were measured in size and weighted. In the compressive test, one sample was exposed to high temperature oxidation for a certain time, then removed and reweighed. Next, another sample was examined for a different time. Thus, a serious of data on weight gain vs. Time was gained. The second method (Method II) was that using one sample to plot one fully kinetics curve. Different with Method I, the sample was removed, weighted and exposed to high temperature oxidation again at several intervals. Then, the data on weight gain vs. Time was also gained. Finally, the oxidation kinetics curves were drawn based on the data from both methods. After the tests, all samples were observed and analyzed on the surfaces by scanning electron microscopy (SEM) equipped with an EDS. X-ray diffraction (XRD) was also employed to examine the composition of the oxide product. Figure 2 shows the oxidation kinetics curves of the Ni-10Cr alloy oxidized at 900 ℃ for 72 h. The relationship between weight gain and time in Fig.2(a) displays that the compressive stress indeed increased the growth of the oxide scale. Compared to the oxidation kinetics curves drawn by the two methods, it can be illustrated that the Method II promoted the growth rate much higher than the Method I. The corresponding parabolic plots of the squared weight-gain squared vs. time are shown in Fig.2(b) . It is exhibited that the scale growths of Ni-10Cr alloy oxidized under compressive and comparative conditions followed parabolic laws. Besides, the oxidation kinetics of Method II followed a two-stage parabolic law. Fig.2(b) . It can be seen that the oxidation rate constants were increased by one to three orders of magnitude. SEM images in Fig.3 reveal the surface morphologies of the Ni-10Cr alloy during oxidation under the compressive and comparative conditions. In comparison with the unstressed condition, the same morphology with chromia grains was indicated for the Method I after 20 h of oxidation, as shown in Fig.3(a) and Fig.3(b) . Difference is that some cracks generated in the oxide layer for the compressive test with the Method I. However, the oxide morphology showed facet particles for the test with Method II from 20 h to 72 h of oxidation, shown in Fig.3(c) and Fig.3(d) , which is the classic surface morphological characteristics of NiO [22] . It implies that different methods can result in the changes of the scale morphology and component. In contrast with the oxidation kinetics in Fig.2 and previous investigation [23] , it can be concluded that the increased oxidation rate by the compressive stress with the Method II was attributed to the growth of NiO rather than Cr 2 O 3 . Though the protective Cr 2 O 3 layer formed at the initial oxidation stage, the scale tends to flake off and spall from the surface. That is based on the causing of thermal stress of several cycles of cooling and heating [23] and the effect of applied compressive stress during the test with Method II. As known, the growth rate of NiO is greater than of Cr 2 O 3 , which is close to the three factors of magnitude [21] . Then, it can be concluded that the increased effect under the compressive test with Method II belongs to the change of the oxide product from Cr 2 O 3 to NiO in principle. The growth of NiO is affected by the external loadings, which has been confirmed by extensive investigations [6, 8, [24] [25] [26] . The effect mechanism is not exhibited here, but the decrease of the oxidation rate at the second stage is necessary to explain. The negative deviation from a parabolic relationship is commonly due to the vacancy saturation and coalescence at or near the alloy/oxide interface, or possibly to microporosity in the scale, reducing the effective cross-sectional area [23] . According to the relations between the growth of an oxide scale and vacancy concentration proposed by Gibbs [27] .
Results and discussions
Where Ω volume of oxide per metal ion, (V L ) e thermodynamic equilibrium concentration of lattice vacancies in a metal; V L concentration of lattice vacancies close to the scale/metal; D L cation diffusion coefficient in oxide; x thickness of oxide scale; n, B constants. It can be gained that the coarsens of pores substantially increase the vacancy concentration at the alloy/oxide interface, decreasing the oxidation rate. In fact, the coarsened behavior of pores has been supported by the growth of NiO on pure Ni under the compressive stress [2] . Thus, the probable coarsens and the compressive effect decreased the diffusion of cations/anions, decreasing the oxidation rate of the second stage. Figure 4 reveals the evolution of surface morphologies of the Ni-10Cr alloy oxidized under 5 MPa compressive stress with Method I. As can be seen, the oxide products were particles from 5 h to 72 h of oxidation. As well, the components of particles examined by EDS were mainly composed of
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Cr and O, and trace Ni. It is implied that the component of the outer Cr 2 O 3 layer was never affected by compressive stress. Nevertheless, the surface morphology obviously changed during the 72-hour oxidation. At the initial stage of 5 h of oxidation, a wrinkle oxide layer was shown, which is one of the forms of releasing stress. Up to 20 h, the oxide layer grew to a certain thickness, exhibiting a brittle nature. And cracks formed to release the stress in the oxide layer. When oxidizing for 48 h, new oxide products generated along the cracks. A ridge-like oxide band along the cracks formed after 72 h of oxidation, which healed the cracks. However, it still showed obvious cracks in the oxide layer in the unstressed case when oxidizing for 72 h, as displayed in Fig.4(e) . The above mentions reveal that the applied compressive stress induced the oxide layer to undergo serious morphology changes to release the stress in the oxide scale. While increasing 10 MPa compressive stress, local spallation of the oxide scale could be found, as indicated in Fig.5 . It is attributed to that higher compressive stress which made the oxide layer balloon outward. And large sections lift and crack partly or completely from the surface, as well the crack region was not soon further oxidized again. It is implied that the chromium-depleted surface of the alloy cannot maintain the nucleation of Cr 2 O 3 , even the probably formed NiO also did not completely heal the crack. Nevertheless, a local crack healing phenomenon was observed in the integral oxide layer, as shown in Fig.5(a) . With the time increasing to 72 h, the local spallation at the crack still existed, but more oxide formed at the crack, healing the crack. Besides, the grain boundaries of the alloy at the crack were observed, implying the short-circuit diffusion. Meanwhile, it is ensured that the formed cracks were along the grain boundaries of the alloy. It is indicated that the stress releasing of the oxide layer was the coordination deformation of the alloy substrate and the oxide layer. Figure 6 shows the relationship tween the variation in the instantaneous parabolic rate constant and time. As can be seen, the initial oxidation rate was very fast for the compressive condition, which reflected more formation of oxide nucleation, increasing growth of the thin oxide layer. It is commonly considered that the external loading introduces dislocations at the subsurface of alloy, supporting more nuclei site, thereby generating fine-grain oxide products [1] . The short-circuit diffusion paths along the fine-grain oxide make the thin oxide layer fast growth. Meanwhile, the transient oxidation stage will be enhanced, the nucleation of NiO will be increased, although finally the oxide products contained less NiO. It is probably verified that the outer NiO layer is not always obvious on the deformed Cr 2 O 3 film in the alloys with high Cr content [23] . Especially, the applied compressive stress induced the Cr 2 O 3 layer to deform to further destroy the outer NiO layer. Thus, the continuous scale growth of Ni-10Cr alloy is due to the growth of Cr 2 O 3 [28] . Anyhow, the initial oxidation stage was increased by the compressive stress. With the time continued, the instantaneous parabolic rate was gradually decreased. It is due to the fact that the growth of the thick oxide layer is dominated by cations/anions diffusion through the oxide scale, whose growth rate is lower than nucleation. In comparison with the unstressed condition, however, the instantaneous parabolic rate was still higher in the case of compressive stress. Though the oxide layer was local spalled when the oxidation of Ni-10Cr alloy lasted for 72 h, new oxide produced at that zone which continuously maintained the weight gain, as shown in Fig.5 . The wrinkle and crack to release stress under the compressive stress can support more short-circuit diffusion paths, which are preferable to the growth of a thick oxide layer. In addition, the fine-grained oxide formed at the initial stage, applying to short-circuit diffusion along the grain boundaries. The growth of oxide layer dominated by outward cations and inward anions was increased, though the growth of the fine-grained oxide would weaken the short-circuit effect. The evolution of oxide size in the oxide layer with time is shown in Fig.7 . As can be seen, the increase of oxide in size with the time ensured the growth of oxide. In fact, the growth of oxide in size under compressive stress is still higher than that of the unstressed condition, as shown in Fig.7 . That also supports an evidence on the increased growth of the thick oxide layer under compressive stress. In all, the applied compressive 275 stress on the growth of the thick oxide layer was due to the short-circuit diffusion in various forms, such as cracking, grain boundary, and the new oxide formed at the spalled or cracked zone.
Summary
The oxidation behavior of a Ni-10Cr alloy was investigated in the presence of compressive stress. And two methods to estimate the oxidation kinetics were used. The major conclusions were as follows.
1. The oxidation kinetics was increased by the applied compressive stress for both methods. The promoted oxidation kinetics of Method II was attributed to the change of an oxide product from Cr 2 O 3 to NiO. While, it was due to some short-circuit diffusion paths induced by the applied compressive stress, which enhanced the growth of the oxide layer for the Method I.
2. The oxide layer underwent a serious of morphology changes under compressive stress. Cracks were inevitably formed, but the scale-crack healing occasionally occurred, maintaining the growth of the oxide layer.
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